1 Specific electrical conductivity in molten potassium dihydrogen phosphate KH 2 PO 4 -an electrolyte for water electrolysis at ~300 °C
Introduction
In the following we will report on the extraordinary conductivity properties of a new liquid, namely molten potassium dihydrogen phosphate KH 2 PO 4 (or KDP), that has the unusual ability to contain water at temperatures much higher than the normal boiling point of water (~100 °C). This salt has been known and studied for many years and has found various applications [1] . KDP is e.g. one of the most used nonlinear crystals for laser radiation conversion systems, and recently also the application of the melt as the electrolyte for high temperature water electrolysis was suggested [2] . The purpose of the present work was to investigate the level of specific electrical conductivity of the melt, of which there was no previous data available. It was also an objective to determine analytical expressions for the conductivity versus temperature and water content. Such information is essential in the optimization of the high temperature water electrolysis application of the electrolyte. Upon heating, the salt melts and becomes an interesting electrolyte [3] . During the melting process, the following reaction (1) is known to take place [4, 5] :
2 KH 2 PO 4  K 2 H 2 P 2 O 7 + H 2 O  2/n (KPO 3 ) n + 2 H 2 O (n = 1, 2, 3, ….)
Here the melt loses water by evaporation, starting at ~180 °C [6] and the melting point drops considerably, from a higher value and perhaps down to earlier reported values of ~253 ºC [7, 8, 9] . However, inspecting the originally published data for the melting point of KDP it seems likely that the given temperatures correspond to the situation, when the decomposition pressure reached one atmosphere [10] . Even more, the melting point was never found to be precisely, as fusion was commencing at 252.6 ºC and being complete at 254.3 ºC. There is evidently no true melting point at the open atmospheric pressure, as fusion is simultaneously accompanied by decomposition, with the formation of gaseous water [11] . Further heating of the K 2 H 2 P 2 O 7 -H 2 O mixed system under the open atmosphere will unevitably decompose the salt to a metaphosphate and water vapor [4, 5] :
Accordingly, the melting point of the KDP must be determined in a state, where it is saturated under its own vapor pressure. One way to do this is to place the salt in a closed ampoule, that can stand the considerable water vapor pressure over the molten salt, around 8 bars at 300 ºC, according to the recent results, obtained by Raman spectroscopy [3] . The results are different from earlier obtained data [4, 5] , a clear case which can be explained by the water escaping from the structure of the salt during the experiments, which were performed in open atmosphere and not being saturated by the vapor pressure of the salt, see Equations 1-2. Therefore the following conductivity measurements should be performed under similar pressurized conditions, and accordingly the salt should be placed in a closed conductivity cell. [12] were applied to determine the conductivity (). The cells were made from fused quartz glass in a glass-blowing workshop and by modifying the contacts of the halogen lamps, see Fig. 1 . At first the bulb of the halogen lamp was cut near the base and the tungsten spiral was cut over -thereby creating the two electrodes for the first chamber. A similar operation was done with a similar halogen lamp for the second chamber. Thereafter the whole cell was constructed by placing a prolonged quartz tube on each 2-electrode compartment, connected by a pressure equilibration tube (A, Fig. 1 ) and a narrow capillary tube for the conduction limitation (C, Fig. 1 ). The same cell was in some cases used for repeated experiments, after washing out all solidified salt with water under ultrasonic agitation, rinsing with ultrapure water ( = 18 M cm), drying it in a heating cabinet at 80 °C, and then adding new stems and filling with new chemicals. Five series of measurements were made. The cell constant K for each cell was determined by measuring the resistance RKCl (~ 2.5-4.8 k depending on the cell number) for a 0.1 Demal aqueous KCl solution at a precisely known temperature near room temperature according to Jones and Bradshaw [13] .
Materials and Methods
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The RKCl value obtained should be independent of the amount of KCl solution used. High purity KCl was used, prepared as described earlier [14] .
The experimental series were made with cells, filled with chemicals to make the following compositions, as shown in Table 1 .
The composition coefficient, used in the first column was calculated using the Equation 2, where the composition coefficient (or molar ratio between KPO 3 and H 2 O equals 1 for pure KDP. For other compositions, the coefficient was lower or higher depending of addition of water or KPO 3 correspondingly. 
Measurement technique
The resistance was obtained from impedance versus frequency diagrams measured in an AC Wheatstone bridge setup (Princeton Applied Research VersaStat 4 potentiostat with VersaStudio software, at accuracy  0.1 %). The melt conductivity (in units of S cm -1 or  -1 cm -1 at a particular temperature) was obtained from the relation  melt = K/R melt . The cell constant K is known for each cell after the initial measurement on the cell filled with the solution of 0.1 demal KCl. The 2-electrode setup was used for measurements and electrodes were plugged into the VersaStat 4 potentiostat using shielded electric wires and data was obtained as impedance versus frequency curves (examples shown in Fig. 2 ). Each pair of contacts on each of the compartments was shorted in all the experiments. The lowest point on each impedance curve was used for the further data treatment. This point gives directly the real resistance R for the liquid at the given temperature. Several measurements at the same temperature, performed at different time might vary within 0.5-1 % due to the tendency for the liquid to form small bubbles in the capillary tube. Bubbles could be easily removed using the rocking feature of the employed furnace (which is depicted in Fig. 3 ). Therefore, several measurements were performed at the same conditions for each composition to insure that measurements are done in conditions with the ultimately minimized amount of bubbles. Several curves were obtained at each temperature and those giving the lowest R corresponding to the highest conductivity were selected as the true measurements. Knowing the resistance R KCl and the conductivity for the 0.1 D KCl solution at a precisely known temperature K = R KCl *  KCl can be calculated, which stays constant for the cell. After this, the cell needs to be washed with ultrapure water and dried before filling with compounds. The determination of the resistance for the electrolytes is done in the same way and, knowing K, we can calculate the conductivity as:
No correction was applied for the temperature dependence of the cell constant since the expansion of fused quartz is negligibly small, and the error by ignoring this is less than ~0.01 %.
The materials that made up the melts were weighed and transferred quantitatively into the measuring cell, which was sealed under vacuum (< 0.1 Torr). Each cell was equilibrated in a rocking furnace (Fig. 3) , similar to one used in our previous research [15] . Equilibration was performed at first at ~280 °C (above the melting point) for several days. Temperatures for each data point were determined with 4-wire-Pt-100- resistors to a precision better than ~0.5 °C. The compositions were not corrected for the minute amounts of water lost to the gas phase. Other experimental details (furnace, etc.) have been described elsewhere [12, 15] . 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Examples of impedance measurements on a cell with pure molten KH 2 PO 4 , at different temperatures are presented in Fig. 2 . Each impedance point is a function of the frequency of the alternating current supplied from the VersaStat 4 potentiostat terminals to the cell. The coordinates of an actual point are the real and imaginary parts of the impedance of the cell at that frequency. The abscissa of the lowest point is taken as the cell real resistance R from which the conductivity is calculated as σ melt = σ KCl R KCl /R melt . Fig. 3 . Rocking furnace used for the conductivity measurements: A -Copper cooling coil; B -End plate from aluminum; CWater-cooled brass jacket; E -Thorough-going stainless steel tube F -Aluminum-bronze alloy block; G -Cooling hole for compressed air; H -Ball bearing for rocking; I -Hollow Shaft; J -Conductivity cell of fused quartz glass (Fig. 1) ; KAluminum holder for the conductivity cell; L -Plate heat shields of stainless steel; M -Temperature sensor; N -Aluminum bottom plate .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   5 2.3 Measurements of the melting point A Netzsch STA 409 PC (TG/DSC) instrument allowing for sealable high-pressure sample crucibles of chrome nickel steel (AISI 316L) and sealing discs, all with gold-plated surface (product number 6.239.2-92.31.00) be used to determine the melting point of pure KH 2 PO 4 . The crucibles were of bottom nominal width 6 mm, with a volume of 27 μl, with maximum internal pressure of 100 bar and a maximum temperature of 500 °C. After filling with about 10-50 mg of salt, the crucibles were closed with sealing disks using a sealing press (product number 6.239.2-92.4), provided by the Netzsch Group. Also a closed cryoscopic cell sealed under vacuum was used as described earlier [16] . The Netzsch crucibles were about 30 % full and the cryoscopic cell was nearly full of salt during the determinations.
Results and Discussion
The melting point was determined to be about 272 ± 1 °C in a cryoscopic experiment for the very full sealed cell (content ca. 20 g). By the Differential Scanning Calorimetry (DSC) the melting point peak could be determined with higher precision and was found as well to be around 272 °C, as is depicted in Fig. 4 . The large peak is the melting point signal. More peaks were seen at lower temperatures (180 -240 °C). These peaks are attributed to the well-known solid state phase transitions in the KH 2 PO 4 salt and are discussed elsewhere [3] . The following relations were used to determine the conductivity, based on the calibration with the KCl 0.1 Demal solution [13] :
σ melt R melt = K = σ KCl R KCl (4)
The specific electrical conductivities of bubble free melts measured versus temperature and composition are shown in Table 2 . The values of the conductivities are shown for the different compositions at 4 temperatures (290, 295, 300 and 305 ºC). Data for the pure KH 2 PO 4 are directly observed experimentally, while values for the rest of the compounds were calculated following the conductivity slope by fitting the data as shown in Table 3 . The obtained data are also presented in Fig. 5 as points along 5 curves, obtained by plotting the logarithm of the conductivity (ln σ) on the left ordinate scale as a function of 1000/T (the reciprocal of the absolute temperature T times 1000). The linear development of the dependences follows the elementary equation of ionic conductors:
, where ρ is the resistivity at the absolute Kelvin temperature T, ρ 0 is a constant, k is the Boltzmann's constant and E is the activation energy for the conduction process [4] . As the curves on Fig. 5 are approximately linear; i. e. the  data can be reproduced by (7):
, with the obtained parameters A and B given in Table 3 . The conductivity (6) decreases with addition of KPO 3 (or the loss of water in open cells) and increases with temperature in the whole range of temperatures in these series. The studied compositions and temperature ranges were limited by the crystallization points of the compounds and the water vapor pressures above the compounds, which depended markedly on the temperature (possible risk of cell explosion at elevated temperatures/pressures) [3] . During standing, the viscosity and surface tension of the melt increased significantly, judging from visual observations when shaking the melts in the cell -which could be due to partly dissolution of SiO 2 from the quartz in the melts. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
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In Fig. 6 trends of change in conductivity, depending on composition of the melt, projected to "0" in KPO 3 /H 2 O content ratio are shown. A non-linear polynomial cubic function y = A + Bx + Cx 2 + Dx 3 was applied to make the projection to the "0"-"0" point: The parameters for the fitting at different temperatures can be found in Table 4 . It must be outlined that measurements of conductivity in the region of the molar ratio KPO 3 /H 2 O below value 1 are limited due to the used apparatus -a quartz cell. As it was shown in previous work [3] , the vapor pressure of the pure KH 2 PO 4 is around 8 bars at 300 ºC, which is rather high for the cell, made of quartz. Eventually, the excess of water will increase the vapour pressure at the same given temperature. Using the mixture of 96.77 mol % of KH 2 PO 4 and 3.23 mol % of H 2 O, which corresponds to the value 0.97 on the x axis in the Fig. 5 was probably rather close to the cell's permissible pressure. Therefore, fulfilling investigation of the area of conductivities between "0" and "0.97" values in KPO 3 /H 2 O molar content ratio would require significant modification of the design and materials to be used to build another conductivity cell, which could tolerate such high water vapor pressures. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   9 
